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Nanometer-Scale X-ray computed tomography (nanoCT).
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4.1.3 Catalyst coated membranes (CCMs) 

5 RESULTS AND DISCUSSION 
5.1 Descriptive analysis of cathodic electrode production 
5.1.1 Size reduction process of catalytic ink for cathodic catalyst layers 
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5.1.2 Determining the electrode´s microstructure by morphological analysis 
5.1.2.1 Surface analysis of cathodic electrodes 
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5.1.2.2 Cross-sectional cathode characterization 
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5.1.2.3 Micropore analysis by gas sorption 
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5.1.3 Electrochemical component testing 
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5.1.4 Conclusion 
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5.2 Does the ionomer loading influence the pore size distribution and the overall electrode 
microstructure characteristics? 
5.2.1 Catalyst dispersion analysis 
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5.2.2 Electrode analysis 
5.2.2.1 Surface analysis using imaging techniques 
5.2.2.2 Cross-sectional characterization 
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5.2.2.3 Gas sorption analysis 
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5.2.3 Electrochemical component testing 
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5.2.4 Conclusion 
1.00 1.10 1.20 1.35 
1.00 
1.10 1.20 
1.35 
0
200
400
600
800
1000
0 50 100
N
O
C
 a
t 
1
.7
 A
7
c
m
² 
(m
V
) 
derate (mV) 
MAT
CAT
worst case 
best case 

5.3 CL microstructure tuning by particle size distribution variation of catalytic inks 
5.3.1 Catalyst dispersion analysis 
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5.3.2 Electrode analysis 
5.3.2.1 Surface analysis 
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5.3.2.2 Pore size analysis using gas sorption technique 
A B 
C D 
Fig. 5.34 A B C D
0
100
200
300
400
0,0 0,2 0,4 0,6 0,8 1,0
v
o
lu
m
e
 a
b
s
o
rb
e
d
 (
c
m
³/
g
 @
S
T
P
) 
partial pressure P/Po 
#1, design 1
#3, design 2
#8, design 3
0
100
200
300
400
0,9 1,0 1,0 1,0
v
o
lu
m
e
 a
b
s
o
rb
e
d
 (
c
m
³/
g
 @
S
T
P
) 
partial pressure P/Po 
#1, design 1
#2
#3, design 2
#4
#5
#6
#7
0
20
40
60
0,0 0,2 0,4 0,6 0,8 1,0
v
o
lu
m
e
 a
b
s
o
rb
e
d
 (
c
m
³/
g
 @
S
T
P
) 
partial pressure P/Po 
#8, design 3
0
400
800
1200
0,0 0,2 0,4 0,6 0,8 1,0
v
o
lu
m
e
 a
b
s
o
rb
e
d
 (
c
m
³/
g
 @
S
T
P
) 
partial pressure P/Po 
catalyst powder
200
700
1200
0,92 1,00
Fig. 5.35 
Fig. 5.36 
3,0 3,0 3,0 
3,4 3,4 
3,1 
3,4 
6,5 
6,7 
6,9 
5,3 
5,8 
7,9 
5,9 
0
2
4
6
8
10
1 2 3 4 5 6 7 8
p
o
re
 n
e
tw
o
rk
 c
h
a
ra
c
te
ri
s
ti
c
 (
a
.u
.)
 
sample # 
Z, coordination number
L, linear dimension
** 
92,3 
77,9 
78,0 
63,9 
92,6 
61,7 
75,5 
20,4 
69,8 
60,6 
61,0 
51,1 
72,6 
50,3 
59,5 
9,8 
24,8 
16,6 
22,0 
9,2 
24,9 
5,8 
17,7 
1,6 
13,9 
10,3 8,5 
5,3 
10,0 
4,8 
8,3 
0
25
50
75
100
125
150
#1 #2 #3 #4 #5 #6 #7 #8
s
u
ra
c
e
 a
re
a
 (
m
²/
g
) 
SA total (MBET)
SA total (QSDFT)
SA <2nm (deBoer)
SA <2nm (QSDFT)
Design 1 Design 2 Design 3 
A B 
C D 
Fig. 5.37 
A, B C, D
A  
B 
 
 
Fig. 5.38 
A B
0
25
50
75
100
0,01 0,1 1 10 100
v
o
lu
m
e
 d
e
n
s
it
y 
(%
) 
size (µm) 
#1, design 1
0
25
50
75
100
0,01 0,1 1 10 100
v
o
lu
m
e
 d
e
n
s
it
y 
(%
) 
size (µm) 
#5, design 2
0
25
50
75
100
0,01 0,1 1 10 100
v
o
lu
m
e
 d
e
n
s
it
y 
(%
) 
size (µm) 
#4, design 2
0
25
50
75
100
0,01 0,1 1 10 100
v
o
lu
m
e
 d
e
n
s
it
y 
(%
) 
size (µm) 
#6, design 2
Fig. 5.39 
0,52 
0,49 
0,47 
0,49 
0,58 
0,50 0,50 
0,07 
0,24 
0,22 
0,21 0,22 
0,25 
0,20 0,22 
0,06 
0,011 
0,009 
0,006 
0,005 
0,008 
0,004 
0,007 
0,00
0,02
0,04
0,06
0,08
0
0,2
0,4
0,6
0,8
#1 #2 #3 #4 #5 #6 #7 #8
m
ic
ro
p
o
re
 v
o
l.
 <
 2
n
m
 (
c
m
³/
g
) 
to
ta
l 
p
o
re
 v
o
l.
 (
c
m
³/
g
) 
pore vol. total
pore vol. total (QSDFT)
pore vol. <2nm (deBoer)
pore vol. <2nm (QSDFT)
Design 1 Design 2 Design 3 
A 
B 
C 
 
Fig. 5.40 
A B
B
0,000
0,002
0,004
0,006
0,008
0,010
1 10 100 1.000 10.000
B
J
H
 a
d
s
. 
d
v
(d
) 
(c
m
³/
n
m
/g
) 
pore diameter  (nm) 
#1, design 1
#2
#3, design 2
#4
#5
#6
#7
#8, design 3
catalyst powder
0
0,01
0,02
30 300
B
J
H
 d
e
s
. 
d
v
(d
) 
(c
m
³/
n
m
/g
) 
pore diameter  (nm) 
#1, design 1
#2
#3, design 2
#4
#5
#6
#7
#8, design 3
catalyst powder
0
0,01
0,02
0,03
0,04
1 10
Q
S
D
F
T
 d
V
(d
) 
(c
m
³/
n
m
/g
) 
pore diameter  (nm) 
0
0,01
0,02
0,03
0,04
1 10 100 1.000
B
J
H
 d
e
s
. 
d
v
(d
) 
(c
m
³/
n
m
/g
) 
pore diameter  (nm) 
#1, design 1
#2
#3, design 2
#4
#5
#6
#7
#8, design 3
catalyst powder
peak 1 
peak 2 
peak 3 
Fig. 5.41 
 
0,00
0,01
0,10
1,00
10,00
1 10 100 1.000 10.000
B
J
H
 d
e
s
. 
d
v
(l
o
g
 d
) 
(c
m
³/
g
) 
pore diameter  (nm) 
#1, design 1
#2
#3, design 2
#4
#5
#6
#7
#8, design 3
0,00
0,01
0,10
1,00
10,00
100 1.000 10.000
B
J
H
 d
e
s
. 
d
v
(l
o
g
 d
) 
(c
m
³/
g
) 
pore diameter  (nm) 
#1, design 1
#2
#3, design 2
#4
#5
#6
#7
#8, design 3
5.3.3 Electrochemical component testing 
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7.2 Functional properties of cathodic catalyst layers 
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7.2.2 Adhesion force between catalyst layer and a substrate 
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8 APPENDIX 
8.1 Samples for chapter 5.1 “Descriptive analysis of cathodic electrode production”. 
MT project name DMC KCD DMC Ink  
 Samples for chapter 5.2 “Does the ionomer loading influence the pore size distribution 
and the overall electrode microstructure characteristics?
I/C project name DMC KCD DMC Ink  
 Samples for chapter 5.3 “CL microstructure tuning by particle size distribution variation 
of catalytic inks
# project name DMC KCD DMC Ink  
 Samples for 5.4 Discussion: Do the ink property settings determine the electrode mi-
crostructure independent of the deployed mixing technology?”.
# project name DMC KCD DMC Ink  
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